Introduction
============

In the last decade, efforts toward finding a cure for cancer have identified many factors responsible for cancer development. Several proteins are related to the formation and development of tumors, including the tumor suppressor protein p53 ([@B1]). The tumor suppression activity of wild-type (wt)[^2^](#FN3){ref-type="fn"} p53 is mostly linked to its DNA binding properties ([@B2]). One of the major functions of p53 is to serve as a transcription factor that both positively and negatively regulates the expression of a large and disparate group of responsive genes ([@B3]). These genes have important roles in mediating cell-cycle arrest, senescence, and apoptosis ([@B4]). p53 function is lost in over 50% of human cancers, demonstrating the major role of this protein in tumorigenesis ([@B5]). Of the nearly 22,000 studied point mutations in p53, 97% are found in the core domain (p53C; residues 94--312). The six most frequent cancer-associated mutations are the "hot spot" mutations: R175H, G245S, R248Q, R249S, R273H, and R282W ([@B6]). Mutations at amino acids Arg-248 and Arg-273 lead to impaired DNA binding by p53 because these residues are in the DNA-contact interface ([@B7]). The crystal structure of the core domain bound to a consensus DNA sequence has provided a template for understanding the nature of mutant p53 ([@B2]).

The p53 protein possesses great flexibility and is able to bind several gene promoters during cell growth, which explains the population of alternative conformations ([@B7], [@B8]). It has been previously reported that when subjected to high hydrostatic pressure, wt p53C acquires a distinct folding resembling that of the R248Q p53C point mutation ([@B9]). This altered conformation aggregates at 37 °C to form amyloid-like deposits ([@B10]). p53C has maximum stability at pH 7.2 ([@B11]). Recently, we found that interaction with a cognate DNA sequence stabilizes p53 and prevents aggregation of the protein into an amyloid-like structure ([@B12]). These distinct conformations of p53C might be partially folded intermediate states of the folding pathway.

Several proteins have been demonstrated to exist in non-native conformations (*e.g.* fully unfolded, partially unfolded, or molten-globular forms ([@B13][@B14; @B15; @B16; @B17][@B18])). The molten globule (MG) state is a compact structure with a pronounced secondary structure, but it lacks tertiary structure ([@B19][@B20][@B21]). MGs have been suggested to be involved in many important physiological processes, including translocation and interaction with several molecules ([@B19], [@B22][@B23; @B24][@B25]). MG states may occur in the protein folding pathway at points of local energy minima ([@B26]). Many non-native protein conformations are observed under mild denaturing conditions, such as incubation at moderately low or high pH, changes in pressure or temperature, variations in solution ionic strength, or addition of chaotropic agents ([@B21], [@B27][@B28][@B29]). It has been shown that some DNA-binding proteins display a partially unfolded MG state ([@B21], [@B30][@B31]--[@B32]). A few tumor suppressor proteins and other tumor-related macromolecules present this dual behavior, including the von-Hippel Lindau tumor suppressor protein (pVHL) ([@B18]), the p300 CH1 domain bound to Zn^2+^ ([@B22]), and p16 protein mutants ([@B33]). Investigation of these conformational changes will provide information about the molecular mechanisms involved in protein structural conversion.

The present work demonstrates that wt p53C and the R248Q p53C mutant can adopt a molten globule structure at a slightly acidic pH. At pH 5.0, we characterized the structural and spectroscopic properties of this MG-like intermediate. Our results indicate that wt p53C and R248Q p53C display different folding characteristics at pH 5.0 and 7.2. Structural characterization of intermediate species in the protein folding pathway is an important challenge in understanding the protein folding mechanism ([@B19], [@B20], [@B34][@B35][@B36]) that may lead to a better understanding of pathological conditions like cancer. We further show that p53 can localize to acidic vesicles in human breast cells in culture, which makes the characterization of the protein folding state at low pH crucial. The tendency to form a molten globule is related to the protein structural flexibility and to the propensity to lose function or aggregate.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Chemicals

All reagents were of analytical grade. Distilled water was filtered and deionized through a Millipore water purification system. The bis-ANS probe was purchased from Molecular Probes (Eugene, OR). Experiments were performed using the following buffers: 20 m[m]{.smallcaps} acetate, pH 4.5; 70 m[m]{.smallcaps} acetate, pH 5.0; 50 m[m]{.smallcaps} MES, pH 5.5 to 6.5; and 50 m[m]{.smallcaps} Tris, pH 7.0 to 9.0. All buffers contained 150 m[m]{.smallcaps} NaCl, 5 m[m]{.smallcaps} DTT, and 5% (v/v) glycerol.

#### Subcloning, Expression, and Purification of wt p53C and R248Q

p53C (comprising amino acid residues 94--312) subcloning, expression, and purification was performed as previously described ([@B9]).

#### Circular Dichroism Measurements

CD experiments were carried out using a Jasco J-715 spectropolarimeter (Jasco Corporation, Tokyo, Japan) with a 2.0 mm path-length quartz cuvette. For determinations of spectra, wt or R248Q p53C was diluted in different buffers to a final concentration of 10 μ[m]{.smallcaps}. Far-UV spectra were monitored from 200 to 260 nm, averaged over 3 scans at a speed of 50 nm/min, and collected in 0.2-nm steps. The buffer baselines were subtracted from their respective sample spectra.

#### Fluorescence Spectroscopy Measurements

Fluorescence measurements were carried out in an ISS-PC1 spectrofluorometer (Champaign, IL). The excitation wavelength was fixed at 278 nm, and the emission spectrum was recorded from 295 to 415 nm. Tryptophan and tyrosine fluorescence spectra were quantified as the center of the spectral mass (\<υ\>) in [Equation 1](#FD1){ref-type="disp-formula"}, where *F~i~* is the fluorescence emission at wave number ν~i~, and the summation is carried out over the range of measured values of *F*. The temperatures used are described for each experiment. For experiments in the presence of bis-ANS, the excitation wavelength was fixed at 360 nm, and the fluorescence emission was collected from 400 to 600 nm.

#### HPLC Analysis

Gel filtration chromatography was performed using a Superdex 75 column (Amersham Biosciences) attached to a high-pressure liquid chromatography system (Shimadzu, Tokyo, Japan). wt p53C and R248Q at pH 5.0 were dialyzed for 18 h in the presence of 70 m[m]{.smallcaps} acetate, 150 m[m]{.smallcaps} NaCl, 5 m[m]{.smallcaps} DTT, and 5% (v/v) glycerol. For analysis at pH 7.2, samples were diluted in 50 m[m]{.smallcaps} Tris, 150 m[m]{.smallcaps} NaCl, 5 m[m]{.smallcaps} DTT, and 5% (v/v) glycerol. The samples (16 μ[m]{.smallcaps}) were applied to a column previously equilibrated with the appropriate buffer at 25 °C. Runs were carried out at a flow rate of 1 ml/min with intrinsic fluorescence detection at 320 nm (excitation set at 280 nm) and absorbance recorded at 280 nm. The column was calibrated with standard proteins with known hydrodynamic radiuses.

#### NMR Data

^1^H-^15^N heteronuclear single quantum coherence (HSQC) measurements were performed at 20 °C at 600 MHz in a Bruker DRX600 spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany) using a 5-mm inverse detection triple resonance probe with z gradient and with a cryoprobe (Bruker Biospin GmbH, Rheinstetten, Germany). Water suppression was achieved using the watergate technique ([@B37]). The proteins were concentrated and dialyzed in each buffer: 25 m[m]{.smallcaps} phosphate, 150 m[m]{.smallcaps} NaCl, and 2.5% (v/v) glycerol, pH 7.2 or 70 m[m]{.smallcaps} acetate, 150 m[m]{.smallcaps} NaCl, and 2.5% (v/v) glycerol, pH 5.0. To each purified p53C sample, 10% D~2~O (Isotec., Miamisburg, OH) and 5 m[m]{.smallcaps} DTTd10 (Cambridge Isotope Laboratories Inc., Andover, MA) were added. The NMR data were processed with NMRpipe ([@B38]) and analyzed using NMRVIEW, version 5.0.3 ([@B39]). The ^1^H-^15^N HSQC spectra of the wild-type p53C were assigned according to Wong *et al.* ([@B40]).

#### Chemical Denaturation

The samples were incubated in the presence of different urea concentrations (1--9 [m]{.smallcaps}) in the appropriate buffer solution for 1 h or treated with high hydrostatic pressure (from 0.1 to 3 kbar). The fluorescence spectra were obtained using the same conditions described in "Fluorescence Spectroscopy Measurements." The exact concentrations of the stock solutions of urea were checked by refractive index measurement ([@B41]).

#### Western Blot Analysis

Protein extracts derived from MCF-7 cells (human breast adenocarcinoma cells) that expressed p53 were prepared in Laemmli SDS sample buffer, boiled for 5 min, and loaded onto an SDS-polyacrylamide gel (10%) (100 μg/well). After electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane using the X cell II blot system (Invitrogen). The blots were blocked with TBS-T buffer (10 m[m]{.smallcaps} Tris-HCl, 0.15 [m]{.smallcaps} NaCl, 8.0 pH, 0.1% Tween 20) and low fat milk (5%) for 2 h with continuous gentle agitation. The membranes were incubated with primary antibodies anti-p53 (D0--1), anti-GAPDH (sc-47724), or anti-MDM2 (sc-13161) (Santa Cruz Biotechnology), diluted 1:1000, for 18 h at 4 °C. The membranes were washed and then incubated with horseradish peroxidase (HRP)-conjugated mouse anti-human immunoglobulins at a 1:100,000 dilution for 1 h at room temperature (Roche Diagnostics). An x-ray film was exposed to the blot using the Enhanced Chemiluminescence (ECL) system (Roche Diagnostics).

#### Cell Transfection and Fluorescence Microscopy

The full-length p53-EGFP plasmid was obtained from the Genscript Corporation (Piscataway, NJ). Transient transfection experiments were performed with Fugene according to the manufacturer\'s recommendations (Roche Diagnostics). For analysis of GFP-p53, MCF-7 cells were plated onto glass-bottom dishes 48 h before the start of the experiment. Cells were then labeled with 75 n[m]{.smallcaps} LysoTracker (Invitrogen) and 10 μg/ml Hoechst (Molecular Probes) for 30 min. After labeling, cells were washed 3 times with phosphate-buffered saline. The images were then collected using an LSM 510 meta confocal microscope (Carl Zeiss International, Oberkochen, Germany). The LysoTracker red fluorescence excitation (ex) and emission (em) wavelengths were ∼577 nm and ∼590 nm, respectively. The Hoechst blue fluorescence wavelength was (ex/em 350/461 nm).

RESULTS
=======

### 

#### The Effect of pH on the Secondary and Tertiary Structures of wt and R248Q p53C

p53 is a very flexible protein that binds in a specific manner to more than 150 different genes ([@B42]). The core domain of p53 is known to be essential for sequence-specific DNA binding, and it contains several hot spot regions for mutation ([@B43]). For this reason, we investigated whether p53C can adopt alternative conformations and monitored p53C behavior using chemical perturbations. We previously investigated the behavior of the wt p53 core domain through the combination of high pressure and subzero temperature treatments, and we observed an alternative conformation that resembles the DNA-contact mutant R248Q p53C ([@B9]). R248Q is an excellent experimental model because this mutation is the most frequent one found in human cancers ([@B6]).

The tertiary conformations of wt and R248Q p53C were characterized by fluorescence spectroscopy at pH 5.0 and 7.2 ([Fig. 1](#F1){ref-type="fig"}*A*). As expected, the fluorescence emission at pH 7.2 showed lambda maxima at 307 nm (wt) and 313 nm (R248Q), which indicates a native fold. This emission profile is characteristic of p53C because it represents eight tyrosine residues and one tryptophan in each core domain ([@B2]), and the tryptophan emission is highly quenched ([Fig. 1](#F1){ref-type="fig"}*B*). At pH 5.0, the fluorescence spectra of wt and R248Q p53C display a significant red-shift (lambda maxima at 320 nm and 323 nm, respectively), indicating partial exposure of aromatic residues to the aqueous environment ([@B44]) ([Fig. 1](#F1){ref-type="fig"}*A*). At low pH, there is also an increase in the fluorescence quantum yield ([Fig. 1](#F1){ref-type="fig"}*C*). When the protein is denatured by high concentrations of urea or guanidine ([Fig. 1](#F1){ref-type="fig"}, *C* and *D*, *black line*), the tryptophan is no longer quenched (has more intensity), the emission shifts to longer wavelengths (above 340 nm), indicating complete exposure to the solvent, and it is possible to distinguish the tyrosine emission from the tryptophan emission (two peaks). In contrast, the low pH conformation has a single peak at about 330 nm (average wavenumber = 30303 cm^−1^), which is probably due to the location of the tryptophan in an average hydrophobic environment. The intensity of fluorescence increases at low pH, likely because the fluctuating structure of the molten-globule conformation prevents the quenching restrictions imposed by neighboring amino acid residues. On the other hand, the absence of a well-defined tyrosine peak at low pH ([Fig. 1](#F1){ref-type="fig"}, *C* and *D*, *red line*) indicates that energy transfer occurs between the tyrosines and the tryptophan because the structure is still compact.

![**pH-induced conformational changes of wt and R248Q p53C.** *A*, normalized intrinsic fluorescence emission spectra of wt p53C at pH 7.2 (*blue solid line*), wt p53C at pH 5.0 (*blue dotted line*), R248Q p53C at pH 7.2 (*red solid line*), and R248Q p53C at pH 5.0 (*red dotted line*). *B*, center of spectral mass values obtained from wt p53C (*circles*) and R248Q (*squares*) fluorescence emission spectra. Non-normalized intrinsic fluorescence emission spectrum of wt p53C (*C*) or R248Q p53C (*D*) is shown. Samples at pH 7.2 (*blue solid line*), at pH 5.0 (*red solid line*), and unfolded state (*black solid line*) (in *C*, with 6 [m]{.smallcaps} GdmCl; in *D*, 7 [m]{.smallcaps} urea) are shown. The samples were excited at 278 nm, and the emission was collected from 295 to 415 nm. All measurements were performed at 25 °C with 5 μ[m]{.smallcaps} protein concentration.](zbc0061002970001){#F1}

Fluorescence shifts can be quantified by determining the center of spectral mass (CM) of p53C fluorescence emission spectra at different pH values. The CM values were maintained from pH 6.0 to 9.0 ([Fig. 1](#F1){ref-type="fig"}*B*). In the pH range of 4.5 to 5.0, however, there is a sharp reduction of CM values ([Fig. 1](#F1){ref-type="fig"}*B*). Similar results were observed for wt and R248Q p53C.

Additionally, we investigated pH-induced conformational changes by measuring binding to the hydrophobic probe, bis-ANS ([Fig. 2](#F2){ref-type="fig"}). When bis-ANS is free in an aqueous medium, its fluorescence emission is negligible, but when it binds nonpolar residues in the proximity of positive charges, its fluorescence emission increases ([@B45]). This probe has been widely used to characterize intermediate states such as the MG conformation ([@B21], [@B46], [@B47]). Our data show that in the pH range from 4.5 to 5.0, binding of wt and mutant p53C to bis-ANS is 6-fold greater than at pH 6.0 to 9.0 ([Fig. 2](#F2){ref-type="fig"}, *A* and *B*). In contrast, when the protein is denatured by urea, there is no binding of bis-ANS ([Fig. 2](#F2){ref-type="fig"}*C*).

![**Incubation at low pH exposes hydrophobic pockets.** *A*, total fluorescence intensity of bis-ANS bound to wt p53C (*circles*) or (*B*) R248Q p53C (*squares*). Proteins were incubated at 25 °C at several pH values. *C*, bis-ANS fluorescence emission spectrum in the presence of the hot-spot mutant, R248Q, at pH 5.0 (*dashed line*) and pH 7.2 (*solid line*). In contrast, when the protein was incubated with 6 [m]{.smallcaps} urea, there was no binding of bis-ANS (*dotted line*). The sample was excited at 360 nm, and the emission was measured from 400 to 600 nm. The R248Q and bis-ANS concentrations were both 5 μ[m]{.smallcaps}.](zbc0061002970002){#F2}

Because the MG conformation is characterized by maintenance of or increase in secondary structure ([@B48], [@B49]), we also measured circular dichroism to investigate structural changes due to low pH ([Fig. 3](#F3){ref-type="fig"}). To follow changes in p53C predominantly β-sheet secondary structure, CD ellipticity values were monitored at 218 nm for p53C incubated at various pH values ([Fig. 3](#F3){ref-type="fig"}, *A* and *B*). wt and R248Q p53C showed a significant increase in secondary structure at pH 5.0 ([Fig. 3](#F3){ref-type="fig"}), an observation typical of other MG states ([@B14], [@B19]). There is a 1.7-fold gain in β-sheet secondary structure content for wt p53C at pH 5.0 in comparison with the same protein incubated at pH 7.2 as determined by the \[θ\] value obtained at 212 nm at both conditions.

![**Secondary structure of the MG state.** Wild-type (*A*) and R248Q p53C (*B*), at 10 μ[m]{.smallcaps}, were incubated in solutions with different pH values, and the molar ellipticity at 218 nm was collected. *C*, circular dichroism spectra of wt p53C at pH 5.0 (*dotted line*) and pH 7.2 (*solid line*).](zbc0061002970003){#F3}

This transition to a state with an increased negative ellipticity has been previously observed upon incubation with nondenaturing concentrations of guanidine hydrochloride (GdmCl) ([@B29]), and we observed the same transition with low concentrations of urea ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M109.075861/DC1)).

#### p53C Presents a Higher Hydrodynamic Radius at Acidic pH

To investigate the hydrodynamic properties of p53C at pH 7.2 and pH 5.0, we analyzed the proteins by gel filtration chromatography ([Fig. 4](#F4){ref-type="fig"}) and verified that both isoforms have a lower retention time at pH 5.0 than at pH 7.2 ([Fig. 4](#F4){ref-type="fig"} and data not shown), indicating that there is an increase in the hydrodynamic volume for both proteins at low pH. The data show a retention time of 13 min for the native conformation at pH 7.2 ([Fig. 4](#F4){ref-type="fig"}, *solid line*), 12 min for the MG conformation ([Fig. 4](#F4){ref-type="fig"}, *dotted line*), and 10 min for a completely denatured protein ([Fig. 4](#F4){ref-type="fig"}, *dashed line*). The hydrodynamic radiuses (*Rg*) derived from the elution volumes and from the calibration of the column with standard proteins were: 1) 17.6 ± 0.5 Å for p53C at pH 7.2; 2) 19.3 ± 0.4 Å for p53C at pH 5.0; and 3) 30.9 ± 0.5 Å for denatured p53C.

![**Size-exclusion HPLC analysis of oligomeric states of native and MG p53C.** Normalized fluorescence at 280 nm was detected during gel filtration chromatography of wt p53C at pH 7.2 (*solid line*), pH 5.0 (*dotted line*), or incubated with 3 [m]{.smallcaps} GdmCl (*dashed line*).](zbc0061002970004){#F4}

The protein treated with 3 [m]{.smallcaps} guanidine has a greater hydrodynamic volume, as expected because of the less rigid structure than in the MG state. Taken together, these data clearly show that wt p53C and mutant R248Q can acquire an MG-like intermediate state in acidic pH.

#### Comparison of ^1^H-^15^N HSQC in Molten Globule and Native p53C States

The lack of fixed tertiary interactions in many globular proteins results in a fluctuating ensemble of structures ([@B50]). Although these molecules are heterogeneous, valuable structural information can be acquired through nuclear magnetic resonance (NMR) measurements. In general, folded proteins have good resonance signal dispersions and sharp peaks. MG states lose resonance signals and have much less signal dispersion. MG conformational heterogeneity is a result of residual secondary and side chain interactions; therefore, cross-peaks in the ^15^N-^1^H HSQC spectrum tend to be broad or disappear completely ([@B51]). To further characterize the population of p53C molten globule structures at acidic pH, we carried out ^15^N-edited NMR experiments of wt and R248Q p53C at pH 7.2 and 5.0 ([Fig. 5](#F5){ref-type="fig"}). In the native state (blue), a broad distribution of resonance signals was observed, as previously described ([@B52]). At pH 5.0, there was a reduction in peak dispersion ([Fig. 5](#F5){ref-type="fig"}, *red plot*). The wt p53C HSQC dispersion at pH 7.2 was observed from 10.142 to 6.075 ppm (^1^H dimension), compared with 8.791 to 6.782 ppm (^1^H dimension) at pH 5.0. We suggest that a broad set of peaks experiences different perturbations at pH 7.2 and represents the observed differences between pH 7.2 and 5.0, based on the backbone structure of wt p53C. Residues that have ^1^H and ^15^N chemical shifts at pH 5.0 are shown in violet ([Fig. 5](#F5){ref-type="fig"}*B*). Curiously, the conformational changes are spread throughout the whole p53C structure ([Fig. 5](#F5){ref-type="fig"}). In contrast, several residues of the MG state do not change significantly compared with the native state. The R248Q mutant, classified both as a contact and structural mutant ([@B40]), presented HSQC dispersion at pH 7.2 from 10.1360 to 6.6343 ppm and at pH 5.0 from 8.793 to 6.763 ppm ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M109.075861/DC1)). These results were similar to those of the wild-type protein. Based on these data, we suggest that the MG states of both proteins (wt and R248Q p53C) are very similar. Subsequently, the samples were applied to a gel filtration column to analyze whether there were conformational transitions. Our data show that wt p53C at pH 7.2 has the same elution profile before and after HSQC measurement (data not shown). After the NMR experiment at pH 5.0, about 10--15% of the protein was in an oligomeric form. This result indicates that wt p53C can adopt different oligomeric states after longer incubation times at pH 5.0, probably because the MG is a flexible state, and some of the intramonomeric interactions are replaced by intermolecular interactions.

![**Overlay of wt p53 ^1^H-^15^N HSQC spectra at different pH values.** *A*, *blue* and *red* spectra show wt p53C at pH 7.2 and 5.0, respectively. Compared with pH 7.2, pH 5.0 induced a reduction in the resonance signals and a decrease in the peak dispersions. *B*, representation of wt p53 core domain. ^1^H-^15^N HSQC correlation spectrum of p53C at pH 5.0 was compared with the p53C spectrum at pH 7.2. Residues that presented changes in amide chemical shifts at pH 5.0 are colored in *violet*.](zbc0061002970005){#F5}

#### p53C Chemical and Physical Perturbations Allow Identification of Distinct Folded States

To analyze differences in the folding cooperativity and conformational stability of the molten globule and native p53C states, we studied the stability of the protein at different pH values against chemical (urea) and physical (pressure) treatments. Chemically induced unfolding of wt or R248Q p53C at pH 7.2 indicated that both proteins unfold to final CM values around 28,700 cm^−1^. This value is compatible with the complete exposure of aromatic residues to the aqueous environment, suggesting that urea is able to induce complete unfolding. The unfolding of wt and R248Q p53C at pH 7.2 showed a cooperative, two-state denaturation process. The denaturation isotherms of wt and R248Q p53C at pH 5.0 occurred at lower urea concentrations and presented a lack of cooperativity ([Fig. 6](#F6){ref-type="fig"}*A*) that is typical of a MG conformation.

![**Chemically and physically induced unfolding of wt and R248Q p53C.** Unfolding was monitored by intrinsic fluorescence and analyzed as the fraction (α) of denaturation for (*A*) chemical-induced unfolding or (*B*) CM values for pressure-induced unfolding. Wild-type p53C at pH 7.2 (*diamonds*) or pH 5.0 (*circles*) and R248Q at pH 7.2 (*triangles*) or pH 5.0 (*squares*) were incubated in: (*A*) the presence of different urea concentrations (0.5--8.0 [m]{.smallcaps}) or (*B*) compression up to 2.9 kbar. All measurements were performed at 25 °C with 5 μ[m]{.smallcaps} protein. In *B*, open symbols correspond to CM values after the return to atmospheric pressure. To analyze the extent of denaturation (α), we used the following equation: α = \<ν\> − \<ν~i~\>/\<ν~f~\> − \<ν~i~\>, where \<ν\> is the center of mass at each urea concentration, \<ν~f~\> is the center of mass in 8 [m]{.smallcaps} urea, and \<ν~i~\> is the center of mass in the absence of urea.](zbc0061002970006){#F6}

It is also noteworthy that at pH 7.2, wt p53C is more resistant to pressure than the mutant ([Fig. 6](#F6){ref-type="fig"}*B*). On the other hand, the MG conformations of wt and R248Q (pH 5.0) were much less stable than the native conformations and had much smaller volume changes. Another interesting property is that at pH 5.0, the difference in stability is much smaller, and the reversibility is much higher (data not shown).

#### Localization of Full-length p53 in Acidic Cellular Compartments

To evaluate if p53 could be found in the acidic conformation in cells, we performed p53-GFP transfections into MCF-7 cells (human breast cancer). We used LysoTracker (Invitrogen) to probe acidic vesicles, as it is widely used to identify lysosomes with high specificity. After merging GFP fluorescence with the LysoTracker signal ([Fig. 7](#F7){ref-type="fig"}), we observed that p53, which is expressed to high concentrations in the cell, tends to localize to acidic vesicles, mainly lysosomes ([Fig. 7](#F7){ref-type="fig"}).

![**Images of the p53-GFP-transfected cells with and without LysoTracker labeling.** Control, non-transfected MCF-7 (*A*) and GFP-p53-transfected MCF-7 (*B*) cells at pH 7.2 labeled with LysoTracker. In *A* and *B*, the images were obtained with an LSM 510 confocal fluorescence microscope. The *first panel* represents the *green channel* (GFP), the *second panel* represents the *blue channel* (Hoechst-labeled), the *third panel* represents the *red channel*, and the *fourth panel* shows the merging of GFP (*green channel*) and LysoTracker-labeling (*red channel*). *Arrows* indicate localization of p53-GFP in acidic vesicles.](zbc0061002970007){#F7}

We also checked the cellular response to treatments with low pH (acid stress). We incubated MCF-7 cells at pH values 5.0, 6.0, and 7.2 for 24 h to identify their expression levels and p53 stabilization in the cell at different pH values. After total protein extraction, we performed Western blots with an anti-p53 antibody and observed a higher level of p53 at low pH (5.0), in comparison with the amount of p53 detected at pH 7.2 ([Fig. 8](#F8){ref-type="fig"}). Because the level of p53-coding RNA did not change, it seems that low-pH stress leads to decreased proteolytic processing of the protein. Taken together, these two sets of data reveal the physiological importance for studying p53 at acidic pH.

![**Western blot analysis of full-length wt p53.** *A*, MCF-7 cells were incubated at pH 7.2, 6.0, or 5.0 for 24 h, and cellular extracts were evaluated for p53, MDM2, and GAPDH. *B*, quantification of the results shown in *A*, indicating that both p53 and MDM2 are present in higher amounts when cells are grown at pH 5.0 than at pH 7.2. These data are representative of three experiments.](zbc0061002970008){#F8}

DISCUSSION
==========

The investigation of protein conformational changes has focused not only on understanding the unfolding and refolding of the main chain but also on identifying folding intermediates situated between the native and unfolded forms ([@B26], [@B51], [@B53], [@B54]).

Elucidation and characterization of intermediate states are important for understanding the mechanism of protein folding. These studies are crucial for proteins like p53 that have a large amount of flexibility associated with their function. Many folding intermediates are associated with neurodegenerative diseases such as Alzheimer, Parkinson, and prion-related encephalopathies, as well as some types of cancer ([@B55][@B56; @B57; @B58][@B59]). The mechanism of p53 folding has been previously studied ([@B9], [@B11], [@B29], [@B60]), but the exact folding pathway is not understood. We have isolated an intermediate state that is prone to aggregation through incubation with 1 [m]{.smallcaps} GdmCl ([@B29]), and we have also demonstrated that wt p53 can adopt a state similar to a mutant conformation when subjected to high hydrostatic pressure (HP) and subzero temperatures ([@B9]).

The p53 core domain is known to be very flexible; therefore, p53 can bind multiple protein targets such as BRCA1 ([@B61]), Hif-1 ([@B62]), Bcl-XL ([@B63]), 53BP1 or 53BP2 ([@B64], [@B65]), and Rad51 ([@B66]). These observations suggest that the core domain can acquire alternative conformations, and that the folding landscape might include partially folded, MG states. Based on this assumption, we used several techniques to present clear evidence of an MG conformation of the p53 core domain at acidic pH.

The MG state has been described as an intermediate conformation for a number of proteins. MGs are compact, denatured states with significant native-like secondary structure but with disrupted tertiary interactions ([@B48], [@B49]). Here, we show the molecular characteristics of the p53 MG state, inferred by loss of tertiary structure and native-like secondary structure content as well as bis-ANS binding ([@B21], [@B48], [@B53]). These results are relevant to the current literature in distinguishing the protein native and MG states. Through changes in protein radius, we describe the compact and partially folded state of p53C at acidic pH ([Fig. 4](#F4){ref-type="fig"}). Analysis of the folded state suggests the critical importance of cooperativity. Urea isotherms clearly show that the protein presents a cooperative transition with two distinct states at pH 7.2, and that this transition becomes noncooperative when the chemical unfolding occurs at pH 5.0 ([Fig. 6](#F6){ref-type="fig"}*A*). The difference in transition profiles indicates that there is an abrupt change in the p53C structure at pH 5.0, confirming the route to an intermediate state.

For some proteins, the partially folded and MG states play physiological roles. Structural modifications can be favorable, as in the case of the molten globule states of α-fetoprotein (AFP), α-lactoalbumin ([@B67], [@B68]), and folding chaperones ([@B69], [@B70]). The P22 phage Arc repressor protein is present physiologically in an equilibrium condition consisting of the native dimer and a monomeric MG species ([@B21], [@B71], [@B72]). In contrast, apoE4 forms a pathological MG conformation when it reaches the acidic pH of late endosomes, contributing to neurodegeneration in Alzheimer disease ([@B73], [@B74]). It has also been shown that the prion protein first adopts an MG state and then proceeds to a non-reversible β-sheet-rich form during oligomerization ([@B75]). These data highlight the importance of conformation in physiological and pathological processes.

In the case of the p53 core domain, the adoption of an MG conformation would be in line with its high flexibility and the potential to bind several ligands. The transition to a non-MG state at a pH above 5.5 would fix it in a conformation capable of acting as a transcription factor. In the case of the von-Hippel Lindau tumor suppressor protein (pVHL), Sutovsky and Gazit ([@B18]) demonstrated that the unbound conformation of the protein is an MG. Similar to p53, the lack of a fixed tertiary conformation allows pVHL to interact with a large number of proteins. It is important to note that not only the core domain but also the C-terminal domain of p53 is highly sensitive to changes in pH. The severity of the effect of the R337H mutation, which is responsible for the elevated incidence of adrenocortical carcinoma in South American children, depends on pH. These findings support a pH-dependent tumor suppressor function for this protein ([@B76]). If this conformation proves to have deleterious effects, a potential therapeutic strategy will be to use "structure correctors" to convert the pathological intermediate to a functional species. Because the wt and mutant molten-globule states exhibit similar stability and structural properties, this protein conformation may prove more useful as a target for compounds that will restore native function to the protein.

### 

#### p53 and Acidic pH Values in Tumoral Cells

There are several studies that correlate low pH values with cancer ([@B77][@B78][@B79]). Martinez-Zaguilan *et al.* ([@B77]) found that acidic environments induce metastasis in melanoma cells. Acidic pH values also lead to increases in interleukin-8 expression by human ovarian carcinoma cells ([@B78]) and induce expression of vascular endothelial growth factor (VEGF) in glioblastoma cells ([@B79]). There are reports that low pH increases the expression of p53 in tumoral cells ([@B80][@B81][@B82]). In human colonic adenoma-derived epithelial cells, there is an increase of p53 and p21 protein expression ([@B80]). Our findings showing that extracellular low pH stimulates increases in p53 ([Fig. 8](#F8){ref-type="fig"}) are in line with these previous results.

Changes in pH have also been implicated in adrenocortical carcinoma (ACC) related to the R337H p53 mutation ([@B76]). It was proposed that R337H has a native conformation at pH 7.0, but that pH variations promote conformational changes in this protein.

Most organelles, including the mitochondria, lysosomes, endoplasmic reticulum, and the Golgi apparatus, participate in the regulation of apoptosis. In 2002, Yuan *et al.* ([@B83]) demonstrated that p53-induced apoptosis occurred with lysosomal membrane permeabilization (LMP). LMP followed by the release of cathepsins into the cytosol is thought to be the key activation step of the lysosomal cell death pathway. These stimuli promote pH reduction and, consequently, caspase activation and mitochondrial membrane permeabilization, two classic apoptotic events ([@B84]). Therefore, the lysosomal cell death pathway has been suggested to represent a potential cancer target. p53 can be localized in the cytoplasm and nucleus. Accordingly, in the cytoplasm, p53 is found in mitochondria, in the proteasome, and, more recently, in the lysosome ([@B84], [@B85]). Our study reveals that p53 at pH 7.2 can be translocated into acidic vesicles ([Fig. 7](#F7){ref-type="fig"}). Cells transfected with GFP-p53 were labeled with the fluorescent probe LysoTracker, which is used to visualize lysosomes. We found that GFP-p53 co-localizes with the lysosomal marker, suggesting p53 lysosome localization. In the acidic environment of the lysosome, the core domain of p53 will acquire a partially folded conformation. This acidic conformation is likely to be involved in the lysosomal cell death pathway.

Taken together, all of these data suggest that p53 may play physiological or pathological roles in acidic microenvironments. One possibility that can be considered is that the native wt p53 adopts a MG state when it interacts with the mitochondrial or lysosomal membrane during apoptosis or protein degradation. Another possibility is that native wt p53, in the presence of intratumoral acidic pH, is converted into an MG state, reducing or abolishing its function. We are currently utilizing single molecule approaches to further characterize the participation of the MG conformation of p53 in cellular function and disease.
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